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Abstract 
Objectives: Standardization protocols for cytotoxicity testing of oral biomaterials 
require fine tuning to obtain comparable results. The aims of this thesis were (i) to 
evaluate the effect of relative interface area (ratio of specimen surface to cell layer 
surface) and volume of cell culture medium on cytotoxicity. (ii) To develop a 
preparation method in vitro for composite specimens that mimics routine application 
in the oral cavity, analyse the influence of bonding substances on the cytotoxicity of 
composite materials and to evaluate the degree of conversion of bonding materials 
cured with and without air inhibition. (iii) To asses in a practical application of the test 
system developed in the first series whether this methodology is discriminative for 
materials with different cytotoxic potential. 
Methods: Parameters concerning the size/shape of specimens and type of mould 
material varied between the experiments. Cylindrical specimens were prepared in 
blocks containing cylindrical holes. Specimens were added to the cultures 
immediately after production or after pre-incubation for 1, 2, 7 days or 6 weeks. 
Specimens were incubated with L-929 fibroblasts or primary human gingival 
fibroblasts for 72h and cell numbers determined by flow cytometry. 
Results: (i) Results obtained with the cell line L-929 and primary gingival fibroblasts 
were comparable. Different ratios of specimen sizes to cell culture parameters and 
different types of mould materials produced different results. (ii) No statistically 
significant influence of bonding substances on the cytotoxicity of composite materials 
was found. A reduction in the degree of conversion for each resin cured under air 
inhibition was found. (iii) With the newly developed test system, it was possible to 
distinguish between materials of an expected different cytotoxic potential.  
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Significance: Cell culture toxicity data are highly model dependent and should 
therefore be further standardized with particular reference to specimen production 
protocols to obtain internationally comparable results. 
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Kurzfassung 
Zielsetzung: Versuchsprotokolle zur Zytotoxizitätstestung von oralen Biomaterialien 
bedürfen einer Feinabstimmung um international vergleichbare Resultate zu erzielen.  
Die Ziele der vorliegenden Dissertation waren: (i) Ermittlung des Effektes zwischen 
der relativen Grenzfläche (Verhältnis zwischen Prüfkörperoberfläche und 
Zellrasenfläche) und dem Volumen von Zellkulturmedium auf die Zytotoxizität. (ii)  
Entwicklung eines Versuchsprotokolls zur Prüfkörperherstellung entsprechend den 
Bedingungen in der Mundhöhle; Untersuchung des Einflusses von 
Bondingsubstanzen auf die Zytotoxizität von Kompositmaterialien sowie die 
Ermittlung des Polymerisationsgrades von Bondingsubstanzen die entweder unter 
anaeroben  Bedingungen oder bei Sauerstoffinhibition lichtgehärtet wurden. (iii) 
Beurteilung ob bei einer praktische Anwendung des Verfahrens das in der ersten 
Versuchsserie dieser Dissertation entwickelt wurde, zwischen Substanzen mit 
erwartetem unterschiedlichem Zytotoxizitätspotential unterschieden werden kann. 
Methoden: Größe und Form der Prüfkörper sowie Material der Prüfkörperformen 
variierten bei den verschiedenen Experimenten.  Die Prüfkörper wurden direkt nach 
der Herstellung oder nach Auslagerung für 1,2,7 Tage oder 6 Wochen in die 
Zellkulturen eingebracht. Die Prüfkörper wurden entweder mit L-929 Fibroblasten 
oder primären Gingivafibroblasten für 72h inkubiert und die Zellzahl mittels 
Flowzytometer ermittelt. 
Resultate:  (i) Ergebnisse mit der Zelllinie L-929 und primären Gingivafibroblasten 
waren vergleichbar. Unterschiedliche Relationen zwischen Prüfkörperausmaßen und 
Zellkulturparametern sowie Verwendung verschiedener Prüfkörperformen zeigten 
unterschiedliche Ergebnisse. (ii) Bondingssubstanzen hatten keinen statistisch 
signifikanten Einfluss auf die Zytotoxizität von Kompositmaterialien. Es konnte eine 
Reduktion des Polymerisationsgrades von Bondingsubstanzen, die unter 
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Sauerstoffinhibition gehärtet wurden festgestellt werden. (iii) Mit einem Testsystem, 
das in Experiment zwei der ersten Studie der vorliegenden Dissertation entwickelt 
wurde, war es möglich zwischen Materialien mit einem erwarteten unterschiedlichen 
Zytotoxizitätspotential zu unterscheiden. 
Stellenwert der Ergebnisse: Die Ergebnisse zur Zytotoxizitätstestung von oralen 
Biomaterialien sind stark vom Versuchsaufbau abhängig, und sollten deshalb vor 
allem in Hinblick auf die Prüfkörperherstellung weiter standardisiert werden, um 
international vergleichbare Resultate zu erzielen. 
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Introduction 
Assessment of the potential cytotoxic effects of new formulations of dental materials 
can be performed in cell culture systems to detect biological responses under 
constant and reproducible conditions [1-4]. The American Dental Association and the 
American National Standard Institute (ADA/ANSI) recommend initial testing of dental 
restoratives at the cellular level to detect any possible cytotoxicity from test materials 
before these are subjected to clinical assessment [5]. The manufacture of materials 
as alternatives to dental amalgam has required the development of assays to 
compare the biocompatibility of new compositions with amalgam. In general, freshly 
prepared composite materials show a similar cytotoxicity profile to freshly prepared 
amalgam specimens and cytotoxicity decreases with increasing incubation time [6]. 
In these studies, amalgam specimens were produced according to the International 
Standard 1559 [7] and composite specimens were generated in glass tubes to have 
comparable dimensions to the amalgam specimens. Subsequently we developed a 
study design that allowed the comparison between dental composites, adhesive 
substances, compomers and cements within one cytotoxicity test. Specimen size was 
standardized and adjusted to the dimensions of amalgam specimens used in earlier 
studies [6, 8]. Experiments were carried out following ISO International Standard 
10993–5 [9] with fibroblasts that are commonly used for in vitro studies to assess the 
cytotoxicity of dental materials since fibroblasts are common in the pulp and gingival 
tissues [2-4,10-12]. 
Measurement of the toxicity of dental composites and amalgam yielded similar 
results in L-929 fibroblasts and gingival fibroblasts, suggesting that L-929 fibroblasts 
can be used as a standard in vitro model for the estimation of cytotoxic effects of new 
formulations [13]. When seeded at 3 x 104 cell ml-1, L-929 proliferation is logarithmic 
after 72h and cells show no contact inhibition [8]. Evaluation of cell counts was 
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performed in a flow cytometer which we determined to have greater precision than 
hemocytometry [8]. 
Most composites are applied in increments not exceeding 2 mm and light-cured layer 
by layer. New formulations of composite materials proposed as alternatives to dental 
amalgam can be set in layers up to 5 mm and required additional experimental 
design [3]. We developed cylindrical specimens of 5mm height with unilateral light-
curing mimicking conditions in the oral cavity. Another series of identical specimens 
were cured bilaterally for comparison. Although ISO 7405 describes tests developed 
for dental materials [14], this directive permits the use of cell culture assays based on 
different protocols. The three major test modes are represented by direct contact 
tests, indirect contact tests and extract tests. Even protocols within one of these test 
modes can vary widely and so different experimental approaches can lead to 
contradictory results [2, 3, 15-18]. Specimen parameters such as diameter and 
height, sterilization, aging, degree of preincubation and the number of specimens per 
well are variable parameters. Precautions to prevent the formation of an inhibition 
layer, the distance of the light curing tip from specimens, the curing time and mode of 
resin composites and the light intensity of the curing light are factors that also could 
affect the initial or persistent cytotoxicity of a test specimen. Another factor comprises 
parameters concerning the chosen cell type and growth phase during the 
experiments as well as the passage number of cells, the cell density and the cell 
confluence before specimen application.  
Protocols differ with regard to the time of cell material contact, negative and positive 
controls and the evaluation method. In particular, variations or changes in the cell 
layer surface in contact with the specimen surface, the specimen surface area and 
the ratio of specimen surface area to volume of culture medium could lead to 
variations in the experimental setting requiring further optimization and 
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standardisation. Differences between published experimental protocols and the 
necessity for standardization of these factors led to the new experimental designs 
presented in this thesis. 
 
Cytotoxicity of resin composites as a function of interface area.  
Dental Materials 23 (2007) 1438-1446. 
In particular, factors affecting specimen production required further standardisation 
and optimization to improve the biological evaluation of dental materials and to allow 
materials of low, moderate or even pronounced cytotoxic potential to be distinguished 
within one single test. We therefore initially evaluated the influence of the interface 
area between specimen surface and cell culture medium/cell layer surface, the role of 
shade and specimen mould transparency and the impact of different cells and 
different preincubation times on cytotoxicity in vitro. We restricted the evaluation and 
standardisation of the factors mentioned above to one test material, Herculite XRV 
(Kerr Company Orange, CA, USA), which has been on the market for more than 15 
years. Fresh specimens of Herculite XRV were severely cytotoxic if experiments 
were performed according to the guidelines in EN ISO 10993-5 with a ratio between 
specimen surface and cell layer surface of 1/10 in both mouse L-929 fibroblasts and 
primary human gingival fibroblasts. Other studies have shown that, in contrast to our 
findings, Herculite XRV is only moderately cytotoxic compared to other dental 
composites and has been in application for many years with proven clinical success 
[2, 19]. In two further experiments, we therefore altered the ratio between specimen 
size and cell layer surface/volume of cell culture medium by using specimens of 
different size and shape. In these experiments, we additionally used specimen 
moulds of different colours and unilateral light curing of specimens with increment 
thickness of 2mm comparable to the clinical situation. In order to investigate the 
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influence of specimen surface and cell contact area on cytotoxicity, we manufactured 
specimens of different diameters and increment thicknesses. Bilateral light curing 
from both ends of the composite cylinder was possible only for specimens exceeding 
2mm increment thickness.  
 
Cytotoxic effects of dental bonding substances as a function of degree of 
conversion. Dental Materials 25 (2009) 232-239. 
In a previous study, bonding substances were cured under aerobic conditions where 
the cure of bonding substances might have been influenced by air inhibition [2]. The 
cytotoxicity of these bonding materials could therefore have been caused by a 
reduced degree of conversion. These data are in accordance with different studies 
showing a wide range of bonding substance cytotoxicity depending on the 
experimental set up. Substances were tested in different application modes and 
experimental protocols e.g. as extracts [20, 21], in direct contact with cells as cured 
or uncured bonding materials [2, 22-26], on a dentin barrier test [1] and finally as 
single components [27-29]. Cytotoxic effects increased when light curing was 
incomplete [30]. Therefore we developed a standardized protocol for specimen 
production comparable to the situation in tooth cavities allowing the comparison of 
dental adhesive toxicity with the toxicity of composite materials when the order of 
substance application is performed in the same sequence as in clinical praxis (first 
bonding, then composite). In a second experiment, we tested the consequences of 
conditions used in an earlier study [2] where bonding substances were applied on 
resin-composites under aerobic conditions and therefore the cure of bonding 
substance could have been influenced by air-inhibition.  
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Cytotoxicity of a calcium aluminate cement in comparison with other dental 
cements and resin-based materials  
Acta Odontologica Scandinavica, 2006; 64:1-8 
After standardization and optimization of specimen production as described above 
(Cytotoxicity of resin composites as a function of interface area. Dental Materials 23; 
2007: 1438-1446), a practical application of the test systems developed was required 
to assess whether this method was discriminative for materials with different cytotoxic 
potential. We compared the cytotoxic effects of one calcium aluminate cement with 
several currently used direct restorative materials, three composites, one zinc 
phosphate cement and one glass ionomer cement. This trial was validated by 
introducing the positive control (PVC strips, Portex Ltd. Hythe, Kent, UK) proposed 
for ISO 10993-5 cytotoxicity testing [9]. 
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Conclusions 
Cytotoxicity of resin composites as a function of interface area.  
Dental Materials 23 (2007) 1438-1446. 
Fresh specimens of Herculite XRV produced severe cytotoxicity in cultures of L-929 
fibroblasts and human gingival fibroblasts when experiments were performed 
following the recommendations of EN ISO 10993-5, with a ratio between specimen 
surface and cell layer surface of 1/10. Specimens of 4 or 5 mm diameters with an 
increment thickness of 2 mm, tested in 6-well plates, produced almost identical 
cytotoxicity data to our previous study [2] in which differentiation between several 
dental materials of different cytotoxic potential was possible. A comparison of 
specimens with variable surface area and cell contact area with the cell monolayer 
showed that between three different types of specimens, no statistically significant 
difference in cytotoxicity was found. These data indicate that the ratio of specimen 
surface area to volume of culture medium could have more impact on the cytotoxicity 
than the cell layer surface in contact with specimen. Differences in specimen 
production and varying ratios of specimen size to cell layer surface/volume of cell 
culture medium could therefore lead to different results when the same material is 
tested. Consequently, internationally standardized protocols for specimen production 
should include recommendations concerning ratio of specimen surface to cell layer 
surface and volume of cell culture medium in order to obtain comparable results. 
 
Cytotoxic effects of dental bonding substances as a function of degree of 
conversion.  
Dental Materials 25 (2009) 232-239. 
Six composite materials tested alone or in combination with bonding substances 
showed that bonding substances had no statistically significant influence on the 
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cytotoxicity of composite materials when tested with a protocol for specimen 
production mimicking the application mode in the oral cavity (no air inhibition). In 
contrast, bonding substances cured under air inhibition showed a reduction in the 
degree of conversion between 37.9% and 47.2% compared to bonding substances 
cured without air inhibition.  
 
Cytotoxicity of a calcium aluminate cement in comparison with other dental 
cements and resin-based materials  
Acta Odontologica Scandinavica, 2006; 64:1-8 
All freshly prepared materials exhibited reduced cell numbers compared to negative 
controls. Fresh specimens of the calcium aluminate cement DoxaDent showed less 
cytotoxicity than other restorative materials tested, but still reduced cell growth 
compared to negative controls. Two other dental cements showed significantly higher 
toxicity than DoxaDent. In addition, the three composites tested were more cytotoxic 
than DoxaDent. For freshly prepared and 7 day preincubated specimens, we 
established a rank order of significantly different cytotoxic effects. DoxaDent showed 
the lowest cytotoxicity whereas Ketac Molar exhibited the highest cytotoxicity. 
Cytotoxic effects diminished for all materials after 7 days of preincubation. 
With this test system developed in experiment two of the first study presented in this 
thesis, it was possible to distinguish between materials of an expected different 
cytotoxic potential and to monitor differences in the decrease of cytotoxic effects after 
preincubation of materials for 7 days.  
 
Some of the findings of the first publication presented in this thesis concerning 
specimen size and production are integrated in the new ISO 7405 [14].  
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Objectives. The standardization protocols for biomaterial cytotoxicity testing require ﬁne
tuning for oral biomaterials to obtain international comparability as the basis for risk assess-
ment. The principal aims were speciﬁcally to evaluate the effect of (i) relative interface area
(ratio of specimen surface to cell layer surface) and (ii) volume of cell culture medium on
cytotoxicity as a potential modiﬁcation of ISO 10993-5.
Methods. ISO 10993-5 was followed with an interface area of 12.5%, as recommended, using
primary human gingival ﬁbroblasts and L-929 mouse ﬁbroblasts. In another series of exper-
iments (using L-929 cells) the interface area was varied between 12.5% and 0.71%. For each
relative interface area, three conditions for affecting the cure of the resin composite were
investigated by using three mould materials: white, transparent and black moulds. In addi-
tion, the volume of cell culture medium was varied.
Composite specimens (Herculite XRV) were added to the cultures immediately after pro-
duction or preincubation for 1, 2, 7 days or 6 weeks under cell culture conditions. Specimens
were incubated with ﬁbroblasts for 72h and cell numbers determined by ﬂow cytometry.
Glass specimens resembling composite specimens in diameter and height were used as
negative controls.
Results. Cytotoxicity results with primary gingival ﬁbroblasts were comparable to results
with the cell line L-929. An effect from the color/material of the specimen moulds was
found.Different ratios of specimensizes to cell cultureparameters (cell layer surface, volume
of cell culture medium) produced different results. Three out of four differently designed
specimens showed the same behavior in cell culture.
Signiﬁcance. Cytotoxicity tests should be further standardized in line with existing stan-
dards with regard to specimen production protocols to ensure results are internationally
comparable to validate these tests as tools for risk assessment.
© 2007 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Cell culture studies have demonstrated that certain organic
components of uncured or partly cured resin composites are
hazardous because they can elicit signiﬁcant toxicity in direct
contact with ﬁbroblasts. However, these components have
diverse potencies and the risk posed to dental pulp depends
upon the quantities which permeate the dentin and accumu-
late in the pulp [1].
Hensten-Pettersen and Jacobsen [2] emphasized that the
introduction of new dental materials and general awareness
of adverse effects has led to an increase in the number
of complaints related to dental treatment and occupational
exposure. Resin-basedmaterialswith variousmonomers used
as restorative compositematerials, orthodontic adhesives and
appliances, prosthodontic resins and impression materials
have all been implicated. Although some reactionsmay be due
to toxic or allergic effects, many remain unexplained.
Recently, we have developed a standardized cell culture
system and tested various commonly used dental materi-
als with the same protocol. As evaluated by this test, all
freshly prepared dental restorativematerials are cytotoxic and
these effects diminish after different preincubation periods.
The only exceptions are calcium hydroxide and carboxy-
late cements which still elicit mild and severe cytotoxicities
after 6 weeks, respectively [3]. These experiments were per-
formed according to ISO International Standard 10993-5 [4]
which allows ﬂexibility in specimen production and the
assessment of medical/dental devices in cell culture by (i)
testing extracts, (ii) direct cell contact or (iii) indirect cell
contact. Cao et al. [5] observed differences in sensitivities
from these three different test modes despite the fact that
factors such as cell type and endpoint viability assays were
standardized. de Souza Costa et al. [6] showed that the com-
posite Z-100 was more cytotoxic when light cured for 20 s
than 40 s and that cytotoxic effects decreased after rinsing
with PBS and culture medium prior to cell culture testing.
Wennberg et al. [7] showed that results from three different
cytotoxicity test modes (one direct contact test and two indi-
rect contact tests) revealed a varying degree of correlation,
indicating that the three test modes were not interchange-
able.
Additionally, evenwithin one of the threemajor testmodes
(direct contact, indirect contact or extract test) experimental
protocols vary widely. Recent publications on the cytotoxi-
city of dental composite materials show wide variations in
specimen moulds, the shape and size of specimens produced,
methods of light curing and the ratios of specimen surface to
cell layer surface [3,5,8–12].
The aims of this study were (i) to compare the impact
of different cultured cells, (ii) different preincubation times
of specimens, (iii) the shade and transparency of specimen
moulds on the in vitro cytotoxicity of dental composite mate-
rials, and (iv) the primary aim of this study was to evaluate
the inﬂuence of the interface area between specimen sur-
face and cell culture medium/cell layer surface on cytotoxi-
city.
In line with these four aims the following null hypotheses
were formulated: (1) Herculite XRV shows similar cytotoxicity
when tested with L-929 ﬁbroblasts or primary human gingi-
val ﬁbroblasts; (2) Herculite XRV specimens preincubated for
0, 1, 2, 7 days and 6 weeks show similar cytotoxicity; (3) shade
and transparency of specimen moulds does not inﬂuence
cytotoxicity; (4) interface area does not inﬂuence cytotoxi-
city.
2. Materials and methods
2.1. Composition of composite material
Herculite XRV Enamel (Kerr Company Orange, CA, USA, Lot.
no. 4-1196) was the standard test composite. According
to the manufacturer this consists of: bis-phenol-a-bis-(2-
hydroxy-3-methacryloxypropyl)ether (BIS-GMA) (8.348wt.%);
3,6-dioxaoctamethylene-dimethacrylate (TEGDMA)
(5.565wt.%); ethoxylated bisphenol A dimethacrylate
(EBADM) (8.348wt.%); 2-hydroxy-4-methoxybenzophenone
(UV-9) (0.0334wt.%); BHT (0.01113wt.%); 1,7,7-trime-
thylbicyclo-[2.2.1]-hepta-2,3-dione (CQ) (0.039wt.%); 10-met-
hoxy-1-sulfostilbene-3-triazolonaphthalene, sodium salt
(TINOPAL) (0.00016wt.%); 2-(ethylhexyl)-4-(dimethylamino)
benzoate (ODMAB) (0.111wt.%); fumed silicon dioxide
(TS530) (3.978wt.%); zinc oxide (V5500) (0.0360wt.%);
fumed silicon dioxide (OX-50) (3.395wt.%); -methacry-
loxypropyl-trimethoxysilane (A174) (2.206wt.%); bariuma-
luminoborosilicate (SP345) (67.929wt.%); titanium dioxide
(TiO2); pigments.
2.2. Specimen moulds
In the course of protocol optimization, different experimen-
tal settings have been applied. Parameters concerning the
size/shape of specimens and transparency/material ofmoulds
varied between experiments (Table 1).
Three main experiments were conducted. In experiment 1
(hypotheses 1 and 2), cylindrical composite specimens were
prepared in black high density polyethylene (HD PE) moulds
containing 4mm diameter cylindrical holes (cylinder height
2mm; these are denoted as 4/2 specimens). In experiment 2
(hypothesis 3 and 4), disk shaped specimens were prepared
inmoulds with three different shades: white (polyamide (PA)),
transparent (polymethylmethacrylate (PMMA)) and black (HD
PE) containing 3, 4 or 5mm diameter cylindrical holes (disk
height 2mm; =3/2, 4/2 and 5/2 specimens), thus resulting
in nine different specimens (three sizes for each of the
three mould types). In experiment 3 (hypothesis 4) speci-
mens were prepared in white polyamide moulds of different
heights containing cylindrical holes of different diameters,
forming specimens ranging in shape from disk to cylin-
der. The details were: 5mm diameter and 2mm height (5/2
specimens), 3mm diameter and 4mm height (3/4 speci-
mens), 4mm diameter and 4mm height (4/4 specimens) and
4mm diameter and 5mm height (4/5 specimens). In exper-
iment 1, two specimens per well were tested, whereas in
experiments 2 and 3 only one. In all experiments a ﬂat sur-
face of the disk (or cylinder) was in contact with the cell
layer.
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Table 1a – Summary of the entire experimental set-up (variable parameters)
aPrimary human gingival ﬁbroblasts. bAs suggested in ISO 10993-5.
Table 1b – Summary of the entire experimental set-up
(experiments 1–3) (constant parameters used in all
experiments)
Cell density 3×104 ml−1
Cell conﬂuency before specimen
application
No
Prevention of inhibition layer Hostaphan foil
Distance of light curing tip from
specimens (mm)
No
Curing time (s) 40
Intensity of curing light (mW/cm2) 550
Sterilisation of specimens UV for 40min
Time of cell material contact (h) 72
Evaluation method Flow cytometric cell
counting
Negative control Glass
Positive control PVC strips
2.3. Inﬂuence of relative shapes of the disks on
cytotoxicity
In order to investigate the inﬂuence of relative shapes of the
disks the following parameters have been investigated: sur-
face area of specimens, volume of specimens, surface area per
volume and aspect ratio. The respective formula is denoted in
Appendix A.
2.4. Manufacture of specimens
Herculite XRV was prepared according to the manufacturers’
recommendations. Specimens were prepared in polyamide,
polymethylmethacrylate or high-density polyethylene
blocks containing cylindrical holes covered with Hostaphan
(polyester foil RN 75, Mitsubishi Polyester Film GmbH, Wies-
baden, Germany). Specimens were light cured from one side
for 40 s with the exception of 3/4, 4/4 and 4/5 specimens
in experiment 3, which were cured from both sides with a
DemetronOptilux curing light (Kerr Co., Orange, CA, USA; light
intensity 550mW/cm2). The intensity of the light was tested
through the polyester ﬁlm with a radiometer (Demetron-Kerr,
Danbury, CT, USA). The specimenswere removed immediately
after curing. All specimens were sterilized with UV-radiation
for 40min on each side. Glass specimens resembling compos-
ite specimens in diameter and height were used as negative
controls.
2.5. Preincubation of specimens
Specimens were tested either immediately after produc-
tion (fresh specimens) or after preincubation in cell culture
medium (one specimen in 10ml of Dulbecco’s Modiﬁed Eagle
Medium (DMEM; Sigma, Germany)) at 37 ◦C, pH 7.2 for 1, 2,
7 days or 6 weeks (experiment 1) or for only 7 days (exper-
iment 3). In experiment 2, only fresh specimens were used.
After preincubation, the culture medium was removed and
specimens were applied to the ﬁbroblast cell cultures.
2.6. Cell culture
2.6.1. Culture of L929 ﬁbroblasts
The murine ﬁbroblast cell line L929 was obtained from Amer-
ican Type Culture Collection (ATCC, Rockville, MD). L929 cells
were cultivated in 162 cm2 ﬂasks (Costar, Cambridge, MA) in
DMEM supplemented with 10% fetal calf serum (FCS) from
PAA Laboratories, (Pasching, Austria), 100U/ml penicillin and
100mg/ml streptomycin and 2.9mg/ml glutamine (Invitrogen,
Paisley, UK) at 37 ◦C in a fully humidiﬁed air atmosphere con-
taining 5% CO2 and were removed from the culture plate
(passaged) by brief incubation in 2.5% trypsin (Invitrogen).
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Cells from the fourth passage were thawed 2 weeks before
each experiment and passaged twice before use.
2.6.2. Tissue collection and cell culture of primary human
gingival ﬁbroblasts
Primaryhumangingival ﬁbroblasts (PHGF)were obtained from
biopsies of gingiva attached to premolar andpermanentmolar
teeth from healthy subjects. Informed consent was obtained
from the donors and the protocol was approved by the institu-
tional ethics review board at the Medical University of Vienna
(EK No: 400/2004).
Biopsies were stored in Hanks’ salt solution supple-
mented with 100U/ml penicillin, 100mg/ml streptomycin and
2.5mg/ml amphotericin (HBSS). Gingival tissue was cut into
1–2mm3 sections, washed twice in HBSS and seeded in 6-
well culture plates (Costar). Explants were then incubated
with DMEM supplemented with NaHCO3 (3.7 g/l), penicillin
(100U/ml), streptomycin (100mg/ml), glutamine (100mg/ml)
and 10% FCS. The tissue samples were grown at 37 ◦C in a
fully humidiﬁed air atmosphere containing 5% CO2. When
cell outgrowth was observed, the medium was replaced twice
weekly until cells reached conﬂuency (=covering the total sur-
face of the culture plate, forming a monolayer). Cells were
then detached from themonolayer by brief trypsinization and
maintained in 75-cm2 tissue ﬂasks. Early passageswere frozen
in liquid nitrogen and cells between the third and ninth pas-
sages were used for experiments.
2.6.3. Exposure of cell cultures to test specimens
L929 ﬁbroblasts and human gingival ﬁbroblasts were exposed
to freshly prepared or preincubated specimens (see above) in
polystyrene 24-well or 6-well tissue culture plates (Costar) for
72h at 37 ◦C/5% CO2 (Fig. 1). Cells were then harvested with
trypsin, centrifuged and resuspended in 500l DMEM.
2.6.4. Flow cytometry
Cells were counted in a volume of 500l DMEM over a ﬁxed
time of 30 s with a ﬂow cytometer (FACSCalibur, Becton Dick-
Fig. 1 – Schematic illustration of specimen in contact with
cell layer (a) upright projection and (b) top view.
inson, San Jose´, CA, USA) equipped with an argon laser tuned
at 488nm. Cell numbers after exposure to test specimenswere
compared to controls (cultures with glass specimens).
2.6.5. Statistical evaluation
2.6.5.1. Experiment 1. Comparison of the inﬂuence of different
cultured cells (hypothesis 1, L929 ﬁbroblasts versus primary
human gingival ﬁbroblasts) and different preincubation times
of specimens on Herculite XRV cytotoxicity (hypothesis 2). The
effects of specimen preincubation time on cell numbers were
evaluated by analysis of variance (ANOVA). In this model,
preincubation time (fresh, 1, 2, 7 days or 6weeks)was included
as aﬁxed factor. Thiswasperformedseparately for L929ﬁbrob-
lasts and primary human gingival ﬁbroblasts.
2.6.5.2. Experiment 2. Impact of shade and transparency of spec-
imen moulds (hypothesis 3) and the interface area between
specimen surface and cell culture medium/cell layer surface
(hypothesis 4) on Herculite XRV cytotoxicity. The effects of
mould color and diameter of specimens on cell numbers were
evaluated by ANOVA. In this model, color and diameter were
included as ﬁxed factors. ANOVA was performed separately
for experiments with 24- and 6-well plates.
2.6.5.3. Experiment 3. Inﬂuence of different interface areas on
Herculite XRV cytotoxicity (hypothesis 4). ANOVA was per-
formed to explain the effects of size/shape and preincubation
time on cell numbers. In this model, size/shape of specimens
(5/2, 3/4, 4/4 and 4/5mm) and preincubation time (fresh and 7
days) were included as ﬁxed factors. For pooling the 4 speci-
men sizes/shapes at eachpoint of preincubation, the approach
developed by Ryan [13,14], Einot and Gabriel [15] and Welsch
[16] was used to control the multiple level alpha.
In all experiments, the dependent variable was standard-
ized cell numbers in% (=cell numbers/cell numbers in controls
(cultures with glass specimens)). Standardized cell numbers
as mean±S.E.M. (standard error of the mean) were reported
and illustrated in the ﬁgures. A two sided p-value <0.05 was
considered to indicate statistical signiﬁcance. All calculations
were performed with SAS©Release 8.2.
3. Results
Each ﬁgure represents standardized cell numbers as percent-
age of control, thus representing cell survival counts. Low
values correspond to high cytotoxicity.
3.1. Experiment 1. Comparison of the inﬂuence of
different cultured cells (hypothesis 1, L929 ﬁbroblasts
versus primary human gingival ﬁbroblasts) and different
preincubation times of specimens on Herculite XRV
cytotoxicity (hypothesis 2)
For L929 ﬁbroblasts (Fig. 2a), ANOVA showed signiﬁcant dif-
ferences in the standardized cell numbers for the factor
preincubation (p<0.0001). Fresh specimens showed severe
cytotoxicity with a standardized mean of 15±1.4%. Cyto-
toxicity diminished with increasing preincubation time of
specimens (null-hypothesis 2 was rejected). Results were sim-
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Fig. 2 – Inﬂuence of Herculite XRV on cell numbers of (a)
L929 ﬁbroblasts and (b) primary human gingival ﬁbroblasts.
Two specimens (diameter/height: 4/2mm) were added to
the cultures immediately after production (fresh) or after
preincubation for 1, 2, 7 days or 6 weeks in cell culture
medium and were incubated with L929 ﬁbroblasts in
24-well culture dishes for 72h. Cell numbers were
expressed as percentage of controls (cultures with glass
specimens). Bars show mean and standard error of the
mean from four independent experiments.
ilar in primary human gingival ﬁbroblast cultures with a
standardized mean of 22.3±1.2% for fresh specimens (null-
hypothesis 1 was conﬁrmed, see Fig. 2b).
3.2. Experiment 2. Impact of shade and transparency
of specimen moulds (hypothesis 3) and the interface area
between specimen surface and cell culture medium/cell
layer surface (hypothesis 4) on Herculite XRV cytotoxicity
XRV specimens, tested in 24-well plates (Fig. 3), showed sig-
niﬁcant differences in the standardized cell numbers for the
factors shade of specimen moulds (p<0.001, null hypothesis
3 was rejected) and specimen size (p<0.001, null hypothesis
4 was rejected). In 24-well plates, larger specimens showed
higher cytotoxicity. An impact on cytotoxicity was also found
for the color of the specimen moulds: specimens produced
in black (high-density polyethylene) moulds showed higher
cytotoxicity than specimens produced in white (polyamide)
or transparent (polymethylmethacrylate) moulds. Least cyto-
toxicity was found with white specimen moulds.
Fig. 3 – Inﬂuence of Herculite XRV on L929 ﬁbroblast cell
numbers produced in white (w; PA), transparent (t; PMMA)
or black (b; HD PE) specimen moulds with cylindrical holes
of 3, 4 or 5mm diameter. Specimens were added to cultures
immediately after production and incubated with L929
ﬁbroblasts for 72h in 24-well or 6-well culture dishes. Cell
numbers were expressed as a percentage of controls
(cultures with glass specimens). Cell numbers were plotted
against specimen diameter (a) or aspect ratio (b). Bars show
mean and standard error of the mean of three independent
experiments.
XRV specimens, tested in 6-well plates (Fig. 3) did not show
statistically signiﬁcant differences in the standardized cell
numbers for the factors color (p=0.098) and diameter (p=0.45).
3.3. Experiment 3. Inﬂuence of different interface
areas on Herculite XRV cytotoxicity (hypothesis 4)
A signiﬁcant difference in cell survival between the means
of standardized cell numbers under the inﬂuence of spec-
imens with different sizes/shapes was observed (p<0.0001,
null hypothesis 4 was rejected) because 3/4 specimens were
found to be signiﬁcantly less cytotoxic than the other spec-
imens tested (Fig. 4a). Rank orders concerning the degree
of cytotoxicity have been established by grouping specimen
sizes with no statistically signiﬁcant different effects (Fig. 4a
and c). As shown in Fig. 4a and c, it was also shown that
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Fig. 4 – Inﬂuence of specimen size on L929 ﬁbroblast cell numbers. Specimens were prepared as discs (cylinders) with the
diameter/heights 3mm×4mm (3/4), 5mm×2mm (5/2), 4mm×4mm (4/4) or 4mm×5mm (4/5). Specimens were added to
cultures immediately after production (a and b) or after preincubation for 7 days in cell culture medium (c and d) and
incubated with L929 ﬁbroblasts for 72h. Cell numbers were expressed as percentage of controls (cultures with glass
specimens) and plotted against specimen size (a and c) or aspect ratio (b and d). In (b) also surface area (Area), volume and
surface area per volume (A/V) of specimens was presented. Vertical bars show mean and standard error of the mean of at
least six independent experiments. Horizontal bars indicate groups where specimen size had no statistically signiﬁcant
different effect on cell numbers.
cytotoxicity diminished with increasing preincubation time
(p<0.0001).
4. Discussion
Protocols of direct contact cytotoxicity tests vary widely, espe-
cially concerning specimen production (Table 2
). We have shown in this study that, fresh Herculite
XRV specimens produce severe toxicity in L929 cultures
when experiments are performed strictly following the
recommendations of EN ISO 10993-5 with a ratio cell layer sur-
face/specimen surface of 10/1. Similar results were obtained
with both L-929 ﬁbroblasts and primary human gingival
ﬁbroblast cultures. In contrast, it has been shown that Her-
culite XRV is a relatively weak cytotoxic material compared
to other dental composites, cements and compomers [3,17].
Herculite has been on the market for more than 15 years
with good clinical success [18]. Therefore, in another series
of experiments, we varied the ratio of specimen size to cell
culture parameters (cell layer surface, volume of cell culture
medium) and the color of the specimen moulds in order to
increase thediscriminativepotential of the assay and toobtain
more realistic results. Specimens produced in black moulds
showed higher cytotoxicity than specimens produced inwhite
or transparent moulds when tested in 24-well plates, depen-
dent on the ratios of specimen surface areas to cell culture
parameters (cell layer surface, volume of cell culturemedium).
Least cytotoxicity was found with white specimen moulds.
This is in accordance with ﬁndings from Harrington and Wil-
son [19], who demonstrated that depth of cure is dependent
not only upon the restorativematerial and activation unit, but
also upon the material from which the mould is constructed.
Specimens with 4 or 5mm diameters and 2mm height
tested in 6-well plates produce cytotoxicity data being almost
similar to our previous study [3] which allowed differentiation
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Table 2 – Review of seven papers on the cytotoxicity of composite materials evaluated by direct contact tests with special regard to specimen production
Author
Wataha et al. [8] Saw et al. [9] Cao et al. [5] Al-Hiyasat et al. [10] Schedle et al. [3] Franz et al. [11] Franz et al. [12]
Cells Balb/c3T3 L929 L929 Balb/c3T3 L929 L929 L929
Culture plates/dishes 24-well plate 60mm culture
dish
60mm
culture dish
24-well plate 6-well plate 6-well plate 6-well plate
Passage number of cells – – – – – – –
Cell density 2.5×104 ml−1 2.5×105 ml−1 2.5×105 ml−1 1×105 ml−1 3×104 ml−1 3×104 ml−1 3×104 ml−1
Cell conﬂuency before specimen
application
No Yes – No No No No
Specimens per well 1 1 1 1 1 1 1
Mould material Stainless steel Steel Stainless
steel
Glass Glass Polyethylene Polyethylene
Specimen diameter/height (mm) 10/1 7/2 7/2 5/2 4/8 4/5 5/2
Prevention of inhibition layer
through
Mylar, glass Acetate strips,
glass
Acetate
strips, glass
Mylar Mylar Mylar Mylar
Distance of light curing tip from
specimens (mm)
– – – 2 – – –
Curing from one end/both end Two end One end One end One end Two end and
cylinder jacket
One and two end One end
Curing time (s) 60 10 or 40 10 or 40 20 or 40 80 40 20 or 40
Light intensity of curing light
(mW/cm2)
500 350, 400, 1200 350, 400, 1200 600 >400 550 550
Sterilisation of specimens – UV for 24h – All procedures
were carried out
aseptically
UV radiation UV for 40min UV for 40min
Aging/preincubation of
specimens/storage temperature
At room
temperature for
less than 7 days,
non-aged
specimens for 14
days
UV-radiation for
24h before
testing
– For 24h in the
dark at room
temperature
1, 2, 7 days or 6
weeks
1, 2, 7 days or 6
weeks
7 days
Cell layer surface in contact with
specimen surface (%)
39 1.4 1.4 9.8 1.3 1.3 1.96
Specimen surface area (mm2) 188.5 121 121 70.7 125.7 88 70.7
Specimen surface area to volume
of culture medium ratio
(mm2/ml)
188.5 60.5 24.2 70.7 25.1 17.6 14.1
Time of cell material contact (h) 48 48 48 72 72 72 72
Evaluation method MTT assay Neutral red
assay, Histomor-
phometric cell
counting and
MTT assay
Neutral red
uptake assay
MTT assay Flow cytometric
cell counting
Flow cytometric
cell counting
Flow
cytometric cell
counting
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between a variety of dental materials with different cytotoxic
potentials. The advantage of the modiﬁed protocol for speci-
men production with light curing from only one end applied
in this study is a more close simulation of the oral cavity com-
pared to our previouswork, where specimenswere cured from
both sides and also around the cylinder jacket [3]. With this
experimental setting, specimens can be tested in different
increment thicknesses [11]. For these experiments specimens
with increased cylinder height are required [11]. In order to test
the impact of specimen surface and cell contact area of spec-
imens on cytotoxicity, different specimens with variations of
these parameters were therefore tested and we found no sta-
tistically signiﬁcant difference in cytotoxicity between 5/2, 4/5
or 4/4 specimenswhereas 3/4 specimens showed less cytotox-
icity. 5/2 specimens cover approximately 2% of the cell layer
surface, whereas 4/5 and 4/4 specimens cover approximately
1.25% of the cell layer, which is about 65% coverage compared
to the surface covered by 5/2 specimens (Table 1a). 3/4 spec-
imens cover only 0.7% of the cell layer surface, which is 36%
coverage compared to the surface covered by 5/2 specimens
(Table 1a). Specimen surface areas of 5/2 specimens and 4/4
specimens represent about 80% or 85%, respectively, of the
specimen surface area of 4/5 specimens. 3/4 specimens repre-
sent 58% of the surface area of 4/5 specimens and show clearly
least cytotoxicity (Fig. 4b). These data suggests that the ratio of
specimen surface area to volume of culture medium seems to have
more inﬂuence on cytotoxicity than cell layer surface in contact
with specimen (Fig. 4b). For example, the cytotoxicity of Tetric
Ceram varies according to different experimental protocols of
direct contact cytotoxicity tests. Franz et al. [12] found that
Tetric Ceram specimens caused a cytotoxicity of 64.3±2.3% of
control and 93.2±1.5% after 7 days of preincubation whereas
Wataha et al. [8] found that Tetric Ceram showed 7% cell activ-
ity of control and 10% after 7 days of preincubation. These
differences are likely to be caused by the varying specimen sur-
face to volume of cell culturemedium ratios in the protocols (Franz
et al.: ratio: 14.1mm2/ml; Wataha et al.: ratio: 188.5mm2/ml).
This is in line with the ﬁrst experiment in this study, where
Herculite XRV also showed severe toxicity after being tested at
a ratio of specimensurface to cell culture layer of 12.5%accord-
ing to ISO 10993-5 (“ensure that specimen covers at least 10%
of cell culture layer”), corresponding to a specimen surface to
volume ratio of 100.5mm2/ml of the same magnitude as used
byWataha et al. [8]. The ratios surface area to volume or aspect
ratio do not obviously elucidate the inﬂuence of the interface
area specimen/cell culture.
In addition to the ratio of specimen surface to cell layer sur-
face/cell culture medium, other variables concerning specimen
production (mould material, intensity of curing light, applica-
tion of a plastic foil to prevent the formation of an inhibition
layer, distance of light source during curing, preincubation of
specimens) have varied in different studies (Table 2).
In the course of the optimization of our experimental
protocol, other variables have been standardized in previous
experiments. It has been shown by our group [20–22] that the
passage number of the stock culture as well as the passage
number of cells after thawing as well as the brand of culture
medium had a signiﬁcant inﬂuence on cell growth. Therefore,
in this study these variables were applied in a standardized
manner (see Section 2).
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In conclusion we have shown that primary human gin-
gival ﬁbroblasts and the cell line L-929 (mouse ﬁbroblasts)
showed comparable results, whereas differences in specimen
production and different ratios of specimen size to cell layer
surface/volume of cell culture medium produced differences
in cytotoxicity when the same material was tested. Therefore,
internationally standardized protocols for specimen produc-
tion including the ratio of specimen surface to cell layer
surface andvolumeof cell culturemediumare clearly required
to obtain comparable results in order to further develop cyto-
toxicity screening tests as a tool for risk assessment of dental
materials used in patients.
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Appendix A. Quantitative cell survival or
mortality parameters depend upon the effective
challenge resulting from different shapes and
sizes of specimen disks
Consider: Surface area per unit volume of a disk
Height h; diameter d = 2r;
surface area = 2r2 + 2rh = 2r(r + h);
volume = r2h; A
V
= 2r(r + h)
r2h
= 2(r + h)
rh
The relative shapes of disk canbe expressed by the aspect ratio
(a).
Aspect ratio, a = h
d
= h
2r
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Objectives.Recently, we found that dental bonding substances tested alone or in combination
with composites are far more cytotoxic than composite materials alone. These data are in
line with several cytotoxicity reports but contradict in vivo studies showing the beneﬁcial
effects of bonding materials. The aims of the present study were to develop a preparation
method for composite specimens modelling conditions in the oral cavity and to analyse the
inﬂuence of bonding substances on the cytotoxicity of six different composite materials.
Methods. Cylindrical composite specimens were prepared in polyethylene blocks containing
5mm diameter cylindrical holes (cylinder height 2mm), covered with a polyethylene foil
and light cured from one end for 40 s. In a second series of experiments, composite speci-
mens were combined with bonding materials. Bonding was applied onto the polyethylene
foil in one or two layers and light cured according to the manufacturers’ instructions. Subse-
quently, polyethylene moulds were placed on top of the bonding materials and composites
prepared as described above. After unilateral light curing from the top of the cylindrical
holes, visual conﬁrmation of adherence at the base was obtained. Specimens were added
to the cultures immediately after production or after preincubation for 7 days under cell
culture conditions. Specimens were incubated with L-929 ﬁbroblasts for 72h and cell num-
bers determined by ﬂow cytometry. To evaluate the degree of conversion (DC) of bonding
materials curedwith andwithout air inhibition a third series of experimentswas performed.
FTIR spectroscopicmeasurementsweremade on thin-ﬁlms of dentin-bonding agents, cured
under both an-aerobic and aerobic conditions, to determine degree of conversion.
Results. Cytotoxicities of all six tested composites were signiﬁcantly different (p<0.0001)
and diminished after 7 days of preincubation (p<0.0001). Bonding substances had no statis-
tically signiﬁcant inﬂuence on the cytotoxicity of composite materials (p=0.159). A highly
signiﬁcant statistical reduction in the degree of conversion for each resin cured under air
inhibition conditions was documented (p<0.01).
Signiﬁcance. Our study demonstrates that cell culture toxicity data are highly model depen-
dent and that internationally standardized test protocols for toxicity screening of dental
materials in linewith the existing standards are clearly needed to obtain comparable results.
© 2008 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.
∗ Corresponding author. Tel.: +43 1 4277 67150; fax: +43 1 4277 67159.
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1. Introduction
Dental restorative treatment with resin-based materials
requires placement of a bonding agent to etched, resin-
primed, demineralised tooth tissue. The adhesive system is
typically spread into a thin layer after application and prior to
light exposure to minimize pooling, evaporate solvent carrier,
and provide a minimal thickness of unﬁlled adhesive resin.
The adhesive system is then photocured, and resin composite
is incrementally placed and polymerized. Today, many ‘all-in-
one’ adhesive systems are self-etching, combining the etching
and bonding functions in a single container. These systems
incorporate acidic and thus hydrophilic chemicals.
However, both the 3-step and the single-component
methodologies have potential for the resulting resin–dentin
bond to be less than optimal. Their application may result
in formation of a linear or very low cross-linked and unﬁlled
polymer matrix in the hybrid layer and the inhibition by atmo-
spheric oxygen of adhesive resin polymerization in such a
thin, low-viscosity bonding layer.
The degree of cytotoxicity of bonding substances varied
from little or no cytotoxicity to severe cytotoxicity depending
on the experimental protocol. Substances were added to cell
cultures as extracts of photopolymerized bonding substances,
as uncured or cured bonding materials in direct contact with
the cells or on a dentin barrier or as single components.
Extracts with cell culture medium of photopolymerized
bonding substanceshavebeen testedwith varying experimen-
tal designs. Huang and co-workers [1,2] tested extracts from
bonding agents photopolymerized on cellulose strips and
showed that eluates were cytotoxic. These effects were inﬂu-
enced by the material and the preincubation time of bonding
specimens prior to elution. The diminishing effect of preincu-
bation varied for the different materials tested. Extracts from
fresh and 16 weeks aged adhesives (disks, 5mm in diameter
by 2mm in thickness) caused similar cytotoxicity, but failed
to stimulate similar cytokine release. Leachables responsible
for cytotoxicity might therefore differ from those stimulating
cytokine release. When light curing was incomplete, cytotoxic
effects of extracts increased [3].
In several studies, uncured bonding materials were tested
in direct contact to the culture cells. Materials were tested
either diluted or undiluted without light curing. Undi-
luted materials caused severe damage of cells [4–7], which
decreased with increasing dilutions of the materials [5,6].
Uncured materials were more cytotoxic than polymerized
materials [7].
In another series of studies bonding agents applied on
a dentin barrier or in a simulated pulpchamber without
light curing were tested. When a total-etch and a self-etch
bonding system were placed on dentin discs according to
the manufacturers’ instructions and tested in a pulp cham-
ber, the total etch system was more cytotoxic [8]. Schmalz
et al. [9] also tested bonding substances applied on dentin
disks in a pulp chamber. Low pH bonding substances did
not show any cytotoxicity. It has been suggested by Meryon
and Brook [10] that three dentine bonding agents tested
caused severe reactions in the absence of an adequate lin-
ing in vitro. In this study, bonding substances were applied
on dentin disks and presented to the cultured cells 20–60 s
prior to light curing in indirect contact. Bouillaguet et al. [11]
demonstrated the in vitro cytotoxicity of dentin diffusates of
bonding agents, which were produced under pressure using
dentin disks of human third molars. Camps et al. [12] used
chambers made from extracted third molars in a cytotoxicity
test.
Components of dental adhesives have been tested individ-
ually as single substances andhavebeen shown tobe cytotoxic
[13–15] or to modulate cellular function [14,16].
Kaga et al. [17] compared the cytotoxicity of cured
materials, uncured materials and two major components,
HEMA and TEGDMA. Materials were applied in glass cylin-
ders with indirect cell contact and HEMA contributed
most to the cytotoxicity. Only HEMA and TEGDMA were
detected below reported TC50 levels eluted from cured
materials. Uncured bonding materials were severely cyto-
toxic but induced virtually no cytotoxicity when polymer-
ized.
The primary aim of the present study was to develop
a standardized protocol for specimen production resem-
bling the conditions in tooth cavities and to relate the
toxicity of adhesive systems to the toxicity of composite
materials alone when the application of substances is per-
formed in the same sequence as in the oral cavity (ﬁrst
bonding, then composite). The second aim was to evaluate
the effect of conditions used in a previous resin-composite
biocompatibility study [18]. In this, bonding substances
were cured in conjunction with resin-composites in aer-
obic conditions where the bonding substance cure could
have been affected by air inhibition. If so, the apparent
biocompatibility of the composite plus bond-agent system
could have been adversely affected via a reduced degree
of conversion (DC) of the bonding substances, leading to
a mechanism of monomer-elution into the test-cellular
media.
In line with these two aims the following null hypothe-
ses were formulated: (i) combination of composite specimens
with bonding substances modelling conditions in the oral cav-
ity has no statistically signiﬁcant inﬂuence on the cytotoxicity
of composite materials and (ii) cure of bonding substances
with or without air inhibition does not inﬂuence the degree
of conversion of bonding substances.
2. Materials and methods
2.1. Composite and bonding materials
Materials used in this study are listed in Table 1.
2.2. Cytotoxicity assay
2.2.1. Manufacture of specimens
Cylindrical composite specimens were prepared in polyethy-
lene blocks containing 5mm diameter cylindrical holes
(cylinder height 2mm), covered with a polyethylene foil
(Hostaphan®, Mitsubishi Polyester Film GmbH, Wiesbaden,
Germany) and light cured from one end for 40 s. In a second
series of experiments, composite specimens were combined
with bonding materials. Bonding was applied on a polyethy-
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Table 1 – Composite and bonding materials
Material Manufacturer Lot number Formulation
Etch and Prime 3.0* Dentsply GmbH, Konstanz,
Germany
0403001190 Tetra-methacryloxyethyl-pyrophosphate, HEMA,
p-N,N-di-methyl-aminobenzoicacidethylester,
camphoroquinone, BHT, ethanol, demineralised water
Prime and Bond NT* Dentsply GmbH 0412001549 Urethandimethacrylate (R5-62-1), di- and
tri-methacrylate-resins, PENTA, camphoroquinone,
butylhydroxytoluole, ethyl-dimethyl aminobenzoate,
cetylaminhydroﬂuoride, activated amorphous silica gel,
acetone.
Syntac Sprint* Ivoclar Vivadent Ets.,
Schaan, Liechtenstein
F67448 HEMA, methacrylate-modiﬁed polyacrylic acid, maleic acid,
catalysts, stabilizers, water, acetone
Opti Bond Solo Plus* Kerr Company, Orange, CA,
USA
423755 Bis-GMA, HEMA, glycerol dimethycrylate (GDM), GPDM,
fumed silicon dioxide (TS 530), fumed silicon dioxide (OX
50), Treated ﬁller, Na2SiF6, ethanol
Futurabond* VOCO GmbH, Cuxhaven,
Germany
581031 Bis-GMA, TEGDMA, HEMA, acid modiﬁed methacrylate,
ﬂuoride, initiators, acetone, water.
Adper Scotchbond1 XT* 3M ESPE Dental Products,
St.Paul, MN, USA
20040707 Bis-GMA, UDMA, HEMA, glycerol dimethacrylate (GDMA),
modiﬁed polyacrylic acid, ethanol, water,
Adper Prompt L-Pop* 3M Espe AG 209229 Methacrylated phosphoric acid ester, initiators ﬂuoride
complexes and preservatives, water.
Admira VOCO GmbH 008647 Bis-GMA, UDMA, TEGDMA, campherchinone, amines, ﬁller:
glass ceramics, aerosol.
Deﬁnite Dentsply GmbH 221 Polysiloxane, dodecandioldimethacrylate, Bis-EMA, barium
glass, phosphate–sulfate–apatite-mixture, silicon dioxide,
amorphous, silanized (Aerosil),
2-n-butoxyethyl-4-dimethylaminobenzoate (BEDB),
campherchinone,
diphenyl(2,4,6-trimethylbenzoyl)phosphinoxide,
2-hydroxy-4-methoxy-benzophenone,
di-butylhydroxytoluol (BHT), pigments in ppm range.
Filtek Z 250 3M ESPE Dental Products 20001121 Bis-GMA, UDMA, Bis-EMA, zirconia/silica ﬁller.
Herculite XRV Enamel Kerr Company 0-1278 Bis-GMA, TEGDMA, ethoxylated bisphenol A
dimethacrylate (EBADM),
2-hydroxy-4-methoxybenzophenone (UV-9), BHT,
1,7,7-trimethylbicyclo-[2.2.1]-hepta-2,3-dione (CQ),
10-methoxy-1-sulfostilbene-3-triazolonaphthalene, sodium
salt (TINOPAL), 2-(ethylhexyl)-4-(dimethylamino)benzoate
(ODMAB), TS530), zinc oxide (V5500), (OX-50),
-methacryloxypropyl-trimethoxysilane (A174),
bariumaluminoborosilicate (SP345), titanium dioxide (TiO2),
pigments.
SpectrumTPH Dentsply GmbH 0011001545 Bis-GMA-adduct (adduct of 2,2-bis[4-(2-hydroxy-3-
methacryloyloxypropoxy)-phenyl]propane with
hexamethylene diisocyanate), Bis-EMA, TEGDMA,
photo-initiators, stabilizers, bariumaluminoborosilicate,
highly dispersed silica.
Tetric Ceram Ivoclar Vivadent Ets. C48674 Bis-GMA, UDMA, aliphatic dimethacrylate, bariumglass
ﬁller, silanized, ytterbiumtriﬂuoride (YbF3), mixed oxide,
silanized, barium–aluminum–ﬂuorosilicate glass, silanized,
highly dispersed silica, silanized, additive content,
catalysts and stabilizers, pigments.
∗ The bonding substances were all formulated with solvents, namely: water, acetone or ethanol – or mixtures of two of these solvents, as
speciﬁed above.
lene foil (Hostaphan®) in one or two layers and light cured
according to the manufacturers’ instructions. Subsequently,
polyethylene moulds were placed on top of the bonding
materials and composites prepared as described above. After
unilateral light curing from the top of the cylindrical holes,
visual conﬁrmation of adherence at the base was obtained.
Specimens were then sterilized by UV-radiation and were
added to the cultures immediately after production or after
preincubation for 7 days under cell culture conditions. Spec-
imens were incubated with L-929 ﬁbroblasts for 72h and cell
numbers determined by ﬂow cytometry.
All light curing materials were hardened with a Demetron
Optilux curing light (Kerr company, USA; light inten-
sity > 500mW/cm2).
2.2.2. Controls
Glass specimens with a 5mm diameter and 2mm height were
used as controls.
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Fig. 1 – Inﬂuence of six different composite materials
(Herculite XRV was tested twice) tested alone and in
combination with seven different bonding materials on
L-929 ﬁbroblast cell numbers. Specimens were added to the
cultures immediately after production (fresh) (©) or after
preincubation for 7 days (). Cell numbers were expressed
as a percentage of controls (cultures without specimens), as
described in the materials and methods. Vertical lines
show the mean and standard deviations of three
independent experiments performed in triplicate.
Def =Deﬁnite, EP=Etch and Prime 3.0, Herc =Herculite XRV
(tested alone and in combination with Optibond Solo
Plus=OBS or Adper Prompt L-Pop=Prompt), Z250=Filtek Z
250, SB1=Scotchbond 1, Tetric =Tetric Ceram,
Syntac=Syntac Sprint, Spec=Spectrum TPH, PB=Prime
and Bond NT, Adm=Admira, Futura=Futurabond.
2.2.3. Preincubation of specimens
Specimens were either used immediately after production or
preincubated in cell culturemedium (one specimen in 10ml of
Dulbecco’s Modiﬁed Eagle Medium (DMEM; Sigma, Germany))
at 37 ◦C, pH 7.2 for 7 days [19]. The culture medium was then
removed and specimens used for experiments.
2.2.4. Culture of L-929 ﬁbroblasts
The murine ﬁbroblast cell line L-929 was obtained from
American Type Culture Collection (ATCC, Rockville, MD).
L-929 cells were cultivated in Costar 162 cm2 ﬂasks (Cam-
bridge, MA) in DMEM supplemented with 10% fetal calf
serum (PAA Laboratories GmbH, Pasching, Austria), 1% glu-
tamine and 1% penicillin/streptomycin at 37 ◦C in a fully
humidiﬁed air atmosphere containing 5% CO2 and were pas-
saged by trypsinization. Fibroblasts (5ml aliquots, containing
3×104 cells/ml) were exposed to freshly prepared (added to
cultures immediately after production) or preincubated spec-
imens (see above) in polystyrene 6-well tissue culture plates
(Costar) for 72h at 37 ◦C/5% CO2. Cells were then harvested
with trypsin (2.5% in Ca2+ and Mg2+ free Hanks balanced salt
solution; JRH Biosciences, KA, USA), centrifuged and resus-
pended in 500l DMEM.
2.2.5. Flow cytometry
Cells were counted in a volume of 500l DMEM over a ﬁxed
time (30 s) with a ﬂow cytometer (FACSCalibur, Becton Dickin-
son, San José, CA, USA) equipped with an argon laser tuned at
488nm. Cell numbers after exposure to test specimens were
compared to controls (cultures without specimens).
2.2.6. Statistical evaluataion of cell culture experiments
The effects of six different composite materials tested alone
or in combination with bonding substances on L-929 cell
numbers were evaluated by Analysis of Variance (ANOVA).
In this model, composites, bonding and preincubation time
(fresh, 7 days) were included as ﬁxed factors. The interaction
between preincubation times and substances was included in
the model. At each point of aging (fresh, 7 days), an ANOVA
was performed to pool these 14 characteristics (six com-
posites (Herculite XRV was tested twice), tested alone or in
combination with seven different bonding materials) with
the approach developed by Ryan [20,21], Einot and Gabriel
[22], and Welsch [23]. Substances (seven composites tested
with and without bonding) were included as ﬁxed factors
in both models. Additionally LS-means were tested for each
preincubation time (fresh, 7 days), if they were signiﬁcantly
different from controls (100%). Multiplicity of comparisons
was considered by controlling the type I experimentwise error
rate with Ryan–Einot–Gabriel–Welsch–Multiple-Range-Tests.
For all experiments, cell numbers in % (=cell numbers/cell
numbers of control (cultures without specimens)) were used
as the dependent variable.
All calculations were performed with SAS© Release 8.2.
2.3. Spectroscopic measurement of degree of
conversion
FTIR measurements were made on thin ﬁlms of the bond-
ing agent used in conjunction with thin polyethylene sheet
substrates. In cases where the bonding agent was two-
component, such as Etch and Prime, the components were
ﬁrst mixed in accordance with manufacturers’ instructions.
To measure the FTIR spectra under (i) anaerobic (oxygen-
free) conditions, the bonding agents were spread into a thin
ﬁlm between two polyethylene sheets. To measure the spec-
tra under (ii) air inhibition (aerobic) conditions, the bonding
agents were spread onto a single sheet. This procedure was
repeated three times (n=3) for each bonding system.
Calculation procedures for determination of residual dou-
ble bonds (% RDB) and degree of conversion (% DC) normally
require the presence of a suitable internal standard. The ana-
lytic methods to determine resin cure are based upon the
Beer–Lambert equation:
A = alc
where A=absorbance, a=molar absorptivity, l=path length
and c=concentration.
For both cases (i) and (ii), above, absorbance spectra were
measured, using 20 co-added scans at 4 cm−1 in transmission,
on each of the un-cured specimens (Avatar FTIR, Nicolet). The
specimens where then irradiated for 20 s by a QTH light source
of 500mW/cm2 irradiance. Following irradiation, the sample
spectra were re-measured in the same manner.
Applying the calculation procedure directly to the cure of
methacrylate-basedmonomersﬁrst involvesdeterminationof
the aliphatic C C concentration of the uncured material from
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Table 2 – Cell numbers of freshly prepared specimens expressed as a percentage of controls (cultures without specimens)
Substance n Mean S.D. Median
Deﬁnite and Etch and Prime 3.0 9 93.43 4.39 94.07
Deﬁnite 9 92.73 4.89 92.96
Spectrum TPH 9 91.08 7.54 91.31
Scotchbond 1 9 90.78 4.17 90.73
Filtek Z 250 9 87.93 4.4 87.33
Spectrum TPH and Prime and Bond NT 9 87.06 4.19 86.6
Admira and Futurabond 9 82.98 9.58 82.33
Tetric Ceram 9 81.16 8.63 81.58
Tetric Ceram and Syntac Sprint 9 80.1 13.21 78.42
Herculite XRVa 9 79.09 3.49 79.52
Admira 9 78.29 5.29 76.7
Herculite XRV and Prompt L-Pop 9 78.02 6.02 79.51
Herculite XRV and Optibond Solo Plus 9 77.49 3.95 75.86
Herculite XRVb 9 75.94 3.27 76.12
a Herculite, for comparison with Herculite and Optibond Solo Plus.
b Herculite, for comparison with Herculite and Prompt L-Pop.
the absorption peak occurring at 1636 cm−1. After curing of the
thin slice of material, the reduced concentration of aliphatic
C C is then re-determined from the reduced absorption peak.
However, the peak magnitudes – before and after curing –
arenot normally compareddirectly, but only after taking ratios
with the magnitude of a reference peak which does not enter
into reaction during curing. In the case of bonding agents con-
taining aromatic groups, such as in Bis-GMA, it is convenient
to take the reference aromatic vibrational peak at 1608 cm−1.
The percentage of residual double-bonds is then given by:
%RDB =
(
(AaliphaticC C/Aref)cured
(AaliphaticC C/Aref)un−cured
)
× 100%
and the percentage degree of conversion by:
DC = 100 − %RDB
This procedure involving peak-ratios is normally consid-
ered necessary because the resin increases density during
polymerization, due to shrinkage. As a result of this volume
change, more remaining, unreacted C C will be present in
the beam path, resulting in conversion data which may be
inappropriately low.
However, compositions that do not contain functional
groups which can be used as an internal standard may be
analysed by mixing in an external compound to act as a basis
for determination of changes in C C concentration, but this
method is laborious.
An alternative method is to measure changes in the mass
percent of methacrylate groups, although this also involves
someapproximations, calibrations and/or additional informa-
tion [24,25].
In the present study, three of the bonding resins contained
Bis-GMA, so the aromatic C· · ·C peak at 1608 cm−1 could be
used with the equations above.
For the remaining bonding resins, an approximate mea-
sure of the degrees of conversion was feasible, albeit with a
greater uncertainty. In these cases, the simplest procedure
Table 3 – Cell numbers of 7 days preincubated specimens expressed as a percentage of controls (cultures without
specimens)
Substance n Mean S.D. Median
Filtek Z 250 9 99.27 3.86 98.92
Scotchbond 1 9 98.54 2.78 98.71
Tetric Ceram and Syntac Sprint 9 97.6 5.13 97.73
Deﬁnite 9 97.46 4.84 96.33
Deﬁnite and Etch and Prime 3.0 9 97.44 7.12 94.86
Spectrum TPH and Prime and Bond NT 9 97.38 4.51 97.53
Spectrum TPH 9 96.08 4.86 96.35
Herculite XRV and Optibond Solo Plus 9 94.37 6.2 95.29
Herculite XRV and Prompt L-Pop 9 93.86 4.42 93.33
Herculite XRVa 9 93.68 6.59 93.92
Admira and Futurabond 9 92.86 6.94 90.85
Admira 9 92.38 5.57 93.4
Tetric Ceram 9 91.04 5.73 93.2
Herculite XRVb 9 90.69 7.16 89.57
a Herculite, for comparison with Herculite and Optibond Solo Plus.
b Herculite, for comparison with Herculite and Prompt L-Pop.
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Table 4 – Degrees of conversion, with and without air inhibition: means and S.D.
Material DC without air inhibition DC with air inhibition Reduction of DC with air inhibition
in comparison to DC without air
inhibition in percent
Etch and Prime 3.0. 59.4 (2.3) 37.5 (3.1) 36.9
Prime and Bond NT 67.1 (1.2) 39.3 (2.8) 41.4
Syntac Sprint 66.4 (0.9) 41.2 (1.8) 38.0
Opti Bond Solo Plus* 65.1 (1.8) 40.4 (2.9) 37.9
Futurabond* 63.4 (2.1) 35.6 (3.1) 43.8
Adper Scotchbond1 XT* 67.9 (1.3) 41.0 (2.0) 39.5
Adper Prompt L-Pop 63.4 (3.7) 33.5 (4.1) 47.2
∗ Denotes materials with aromatic reference groups.
Fig. 2 – Grouping of substances with no signiﬁcantly
different cell toxicity: (a) freshly prepared and (b) 7 days
preincubated specimens. Cell numbers were expressed as a
percentage of controls (cultures without specimens), as
described in the materials and methods. Vertical lines
show means and standard deviations of three independent
experiments, performed in triplicate; horizontal bars
indicate no signiﬁcant difference between substances. Stars
indicate statistical signiﬁcant difference from control ((*)
p<0.05, (**) p<0.01, (***) p<0.005, because of multiple
testing a p<0.005 was considered to indicate statistical
signiﬁcance). Abbreviations as in Fig. 1; (1) Herculite, for
comparison with Herculite and OBS and (2) Herculite, for
comparison with Herculite and Prompt.
was to select one or more neighbouring spectroscopic peaks,
as reference to the aliphatic C C 1638 cm−1 in the expectation
that these peaks were from groups not participating directly
in the polymerization process.
2.4. Statistical evaluation (measurement of degree of
conversion)
The pair-wise DC data (anaerobic/aerobic) were evaluated by
Student’s t-test, at the signiﬁcance level of p=0.01.
3. Results
3.1. Cytotoxicity of bonding substances in combination
with composites
Results demonstrate that the cytotoxicity (Fig. 1,
Tables 2 and 3) of all six tested composites (Table 1) was
signiﬁcantly different (p<0.0001). Bonding substances had
no statistically signiﬁcant inﬂuence on the cytotoxicity of
composite materials (p=0.159; Null hypothesis 1 was con-
ﬁrmed). The results shown in Fig. 1 demonstrate that all
freshly prepared materials show reduced cell numbers (for
all materials, means are below 100%) compared to controls
(p<0.005). Rank orders concerning the degree of cytotoxicity
have been established by grouping materials with no statis-
tically signiﬁcant different effects (Fig. 2). The cytotoxicity
of all substances diminished after 7 days of preincubation
(p<0.0001).
3.2. Degree of conversion of bonding substances with
and without air inhibition
Pairwise comparisons between each member of the groups (i)
and (ii) showed a highly signiﬁcant (p<0.01; Null hypothesis 2
was rejected) statistical reduction in the degree of conversion
for each resin cured under air inhibition conditions (Table 4).
4. Discussion
In this study, the cytotoxicity of six composite materials was
tested alone or in combination with bonding substances. Our
data show that all tested bonding substances had no statis-
tically signiﬁcant inﬂuence on the cytotoxicity of composite
materials.
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Cytotoxicity of composite materials is dependent on the
release of substances (unbound free monomers and leach-
able components released due to degradation or erosion over
time [26]) which is a function of their formulation [27]. Mate-
rials with traditional methacrylate chemistries were severely
cytotoxic, whereas materials with newer chemistries or ﬁll-
ing strategies (ormocer, silorane and transparent material)
improved over time of aging in artiﬁcal salvia [27]. In our
study the least cytotoxic material was also an ormocer (Deﬁ-
nite). All other materials tested had traditional methacrylate
chemistries with the exception of Admira, a modiﬁed ormocer
with polar carboxylic groups. Admira was signiﬁcantly more
cytotoxic than Deﬁnite.
A variety of cytotoxicity data have been produced with
bonding substances. Contradictory results of cell culture stud-
ies are due to different experimental designs in most cases
[28]. Specimens for extracts with cell culture medium have
beenpolymerized on cellulose strips [1,3]. In this design, bond-
ing was applied as a thin layer comparable to the clinical
situation. The inhibtion layer was not removed which resulted
in severe cytotoxic effects. Evidently, uncured bonding mate-
rials are cytotoxic [4–7]. In various studies, a diffusion barrier
was established between uncured bonding materials and cell
cultures, which resulted in reduced or no cytotoxicity [8,9].
Kaga et al. [17] producedpolymerized specimens in glass tubes
covered with transparent celluloid strips which were almost
non-cytotoxic. It can be assumed that these specimens lacked
or had only a minimal inhibition layer.
In our previous study, bonding substances were applied
on polymerized composite specimens with a brush and light
cured [18] and were found to be severely cytotoxic. In the
present study we established an experimental design, which
mimics the situation in the oral cavity more closely. Bond-
ing substanceswere applied onto polyethylene strips and light
cured. Specimen moulds were then placed onto the bonding
substances, ﬁlled with composite and light cured, resulting
in a further polymerization of uncured bonding monomers.
With this method, bonding materials did not enhance the
cytotoxicity of composite materials when tested in combina-
tion. Both studies were perfomed with the same cytotoxicity
test method. The reduction of mouse ﬁbroblast cell numbers
by incubation with the test substances in comparison to con-
trols (cultures with glass specimens) was used as a measure
for cytotoxicity. In the ﬁeld of biocompatibility testing, meth-
ods measuring cell number or growth are generally accepted
as cytotoxicity tests [29]. The comparability of cytotoxicity
results obtained with L-929 mouse ﬁbroblasts and human gin-
gival ﬁbroblasts has been demonstrated previously [28,30].
The main difference in the experimental setup between the
present study and our previous cytotoxicity test with bonding
substances [18] lies in various procedures for specimen pro-
duction. Therefore, in this study the effect of these different
conditions on the degree of conversion of bonding substances
was investigated. The degree of conversion of bonding sub-
stances with air inhibiton, resembling to conditions used in
our previous study [18] was compared to the degree of conver-
sion of bonding substances without air inhibition. The results
show clearly that air inhibition reduces the degree of conver-
sion between 37.9% and 47.2%. These results indicate that the
enhanced cytotoxicity obtainedwith our previous testmethod
[18] is most likely due to unpolymerized substances in the
inhibition layer. Rueggeberg and Margeson [31] have shown
that an unﬁlled bonding resin of an earlier generation (com-
mand bonding resin, Kerr Manufacturing, Romulus, MI) had
almost three times the conversion after addition and sub-
sequent curing of the overlying composite material as that
cured after blown thin with room-air. They revealed by back
scatter electron imaging that the inhibited layer of the cured
bonding resinwas absorbed into the overlying ﬁlled composite
[31]. Another explanation for the increased conversion of the
bonding upon application and curing of the composite is the
heat generated by the composite, which is conducted into the
bonding and causes increased segmental mobility of potential
reactive sites and thus higher conversion rates [31].
In conclusion, we have shown that with an experimen-
tal setting which mimics the situation in the oral cavity
more closely, combined bonding/composite specimens show
similar cyotoxicity to composite specimens alone. Our study
further shows that standardized experimental protocols for
cytotoxicity tests are clearly needed to obtain comparable
results with relevance for risk assessment of dental materi-
als in line with existing standards (prEN ISO 10993-5 [32] and
ISO 7405 [33]).
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Abstract
The objective of this study was to compare the cytotoxic effects of a calcium aluminate cement with several currently used
direct restorative materials. Specimens of three composites (QuiXfil, Tetric Ceram, Filtek Supreme), one zinc phosphate
cement (Harvard Cement), one glass ionomer cement (Ketac Molar), and one calcium aluminate cement (DoxaDent), were
used fresh or after 7-days’ preincubation in cell culture medium at 378C, pH 7.2. PVC strips for ISO 10993-5 cytotoxicity
test were used as positive control and glass specimens as negative control. L-929 fibroblasts (5-ml aliquots, containing 3/
104 cells/ml), cultivated in DMEM with 10% FCS, 1% glutamine, and 1% penicillin/streptomycin at 378C/5% CO2 and
trypsinized, were exposed to the specimens for 72 h. The cells were harvested, centrifuged, and resuspended in 500 ml
DMEM and then counted in 500 ml DMEM for 30 s with a flow cytometer at 488 nm. The analysis of variance comparing
the six materials showed different influences on L-929 fibroblast cytotoxicity (pB/0.0001). The cytotoxicity of all specimens
diminished with increasing preincubation time (pB/0.0001). Fresh DoxaDent exhibited the lowest cytotoxicity, followed by
QuiXfil. Ketac Molar showed the highest cytotoxicity. After 7 days of preincubation, Harvard Cement and Filtek Supreme
demonstrated more cytotoxicity than the other materials (pB/0.005).
Key Words: Biocompatibility, cell culture techniques, ceramics, dental materials
Introduction
Restorative materials interact with the biological
environment they are placed in [1]. Contributing
factors for this interaction are for example the release
of substances from the material before and/or after
setting [2] or the surface characteristics of the
material [3]. Adverse reactions may be clinical or
subclinical and they can be toxic and/or allergic
[4,5]. Tests developed for dental materials that are
considered as medical devices are described in ISO
10993-5, ISO 7405, and the ADA guidelines for
posterior restorations [6/8]. The first step when
dealing with dental material toxicity is to analyze the
toxic potential in cell culture systems; this provides a
controllable and reproducible test by which to
initially assess the biological response [4,9/11].
The popularity of posterior tooth-colored restora-
tions has increased during recent years because of a
growing demand for esthetics and concern about the
biocompatibility of amalgam. This has been paral-
leled by an increasing number of reports describing
occupational skin reactions among dental personnel
caused by the uncured acrylic resins of the dental
resinous materials [12/15]. The range of dental
materials has been much diversified with the intro-
duction of different intermediary materials between
resin composite and glass ionomer cements. How-
ever, the use of non-resinous alternative materials
such as the glass ionomer is limited to non-stress-
bearing areas because of their relatively poor me-
chanical properties.
Recently, a calcium aluminate cement has been
developed in Scandinavia intended for use in Class I,
II, and V direct restorations [16]. The manufacturer
claims that the material is a ‘‘bioceramic’’ alternative
to amalgam and resin composite. The material is
inorganic and non-metallic and thus meets the
(Received 2 March 2005; accepted 21 July 2005)
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Table I. Investigated materials and manufacturers
Material Manufacturer (lot no.) Restorative
DoxaDent Doxa Certex AB, Uppsala, Sweden
(SC017)
Calcium aluminate cement Katoite [(CaO)3(Al2O3)(H2O)6]
Harvard Cement-
Powder, Liquid
Richter and Hoffmann Harvard Dental
GmbH, Berlin, Germany (2122302005)
(2121002001)
Zinc phosphate cement A 100 g quantity of powder contains: 90 g of zinc oxide, 9 g of magnesium oxide.
100 g of liquid contains 53 g of phosphoric acid.
Ketac-Molar 3M ESPE Dental Products St. Paul,
Minn., USA (117586)
Highly filled glass ionomer cement Powder: calcium aluminum lanthan fluorosilicate glass, acrylic acid/maleic acid
copolymer, pigments.
Liquid: acrylic acid/maleic acid copolymer, tartaric acid.
Filtek Supreme 3M ESPE Dental Products St. Paul,
Minn., USA (20030422)
Resin composite Bisphenol A polyethylene glycol diether dimethacrylat (5/15w%), Diurethan
dimethacrylat (5/15%), Bisphenol A diglicidyl methacrylat (1/10%), Triethylene
glycol dimethacrylate (B/5%), silica zirconia nanoclusters.
Tetric Ceram Ivoclar, Vivadent AG, Schaan,
Liechtenstein (E40866)
Resin composite Bis-GMA 8.5w%, Urethane dimethacrylate 7.8w%, TEGDMA 4.4w%, Bariumglass
silanized 49.5 w%, ytterbiumtrifluoride 17w%, mixed oxide, silanized 5w%, Ba-
Al-Fluorosilicate glass, silanized 5%, high dispersed silica, silanized 1w%, additives
1.4w%, catalysts and stabilizers 0.3w%, pigments B/0.1w%.
QuiXfil Dentsply DeTrey GmbH Konstanz,
Germany (0310000267)
Resin composite BisEMA, UDMA, TEGDMA, TMPTMA, TCB, new patented filler 66vol% (86w%)
camphorquinone, dimethylaminobenzoic acid ethyl ester.
Positive Control
PVC Strips
Portex Ltd. Hythe, Kent, UK (30375) /
Bis-EMA, ethoxylated bisphenol-A-dimethacrylate.
Bis-GMA, bisphenol A -glycidyl methacrylate.
TCB, butane-1,2,3,4-tetracarboxylic acid, bis-2-hydroxyethyl methacrylate.
TEGDMA, triethylene glycol dimethacrylate.
TMPTMA, trimethylolpropane trimethacrylate.
UDMA, urethane dimethacrylate.
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definition of a ceramic material. It is based on two
essential constituents, alumina (Al2O3) and calcium
oxide (CaO), and small amounts of ZrO2, TiO2,
Fe2O3, and SiO2. Fused together at high tempera-
ture, small particles of calcium-aluminates are
formed that have a cement-forming potential. To
start the hardening reaction the calcium aluminate
tablets are brought into contact with the supplied
liquid, which contains water and small amounts of
Li2 as accelerator. An acid-base reaction is in-
itiated. Water acts as a weak acid and calcium
aluminate dissolves to form Ca2, Al(OH)4
 and
OH. The solutes precipitate to form a gel. Gradu-
ally, the amorphous gel changes into a crystalline
phase of mainly katoite [(CaO)3(Al2O3)(H2O)6].
The post-set hardening takes several days.
Hardness, wear, and surface characteristics of the
calcium aluminate cement have been studied in vitro ,
showing that the material is hard and has a relatively
low resistance to wear [17]. The cytotoxic effect of
the material is not known.
It is hypothesized that the cytotoxic effect of the
calcium aluminate cement is lower than the cyto-
toxic effects of the commonly used resin-based
restoratives and dental cements. The aim of this
study was to compare the cytotoxicity of the calcium
aluminate cement with several currently used direct
restorative materials.
Material and methods
The restorative materials studied, a calcium alumi-
nate cement (DoxaDent), a zinc phosphate cement
(Harvard Cement), a highly filled glass ionomer
cement (Ketac Molar), and three resin composite
materials (QuiXfil, universal shade; Filtek Supreme,
A3; Tetric Ceram, A3) are described in Table I.
Manufacture of specimens
The materials were prepared in accordance with the
manufacturer’s recommendations. All except Doxa-
Dent were filled into polyethylene blocks containing
5-mm diameter cylindrical holes standing on a
glass plate. Cylinder height was 2 mm. The compo-
site specimens were covered with Mylar and
light-cured from one end (QuiXfil 20 s, Filtek
Supreme 20 s, Tetric Ceram 40 s). Light curing
was done with a Demetron Optilux curing light
(Kerr Co, Orange, Calif., USA; light intensity
550 mW/cm2).
A high frequency of fractures of the DoxaDent
specimens was observed during removal from the
2-mm height molds, so polyethylene blocks contain-
ing 4-mm diameter cylindrical holes, standing on a
glass plate, with a cylinder height of 4 mm, were
used. In another series of experiments, it has been
shown that specimens of the same materials with
sizes different from those used in this study did not
show statistically different cytotoxicity levels (un-
published data). A DoxaDent tablet was partially
immersed in the supplied liquid and allowed to
absorb the liquid for 5 s. Subsequently, the tablet
was totally immersed in the liquid for another 5 s
and then blot-dried on a piece of absorbant tissue
before insertion in the mold. The material was
packed with a condensing instrument (DoxaDent)
under maximum hand pressure. The procedure was
repeated with new tablets until the mold was full.
The DoxaDent specimens were then covered with a
wet paper towel to minimize desiccation.
The resin composite specimens were removed
immediately after curing, while the cement speci-
mens were removed 1 h after preparation. All speci-
mens were sterilized with UV radiation 1 h after
preparation for 40 min at each side [9].
Glass specimens of 5-mm diameter and 2-mm
height were used as negative controls. PVC strips
(Portex Ltd. Hythe, Kent, UK) for ISO 10993-5
cytotoxicity test [1] were used as positive controls.
Fresh and 7 days’ preincubated specimens of each
material were prepared in triplicate. Experiments
were repeated 6 times, resulting in 36 observations
per material (18 for fresh and 18 for 7-day-old
specimens).
Preincubation of specimens
Half of the specimens were added to the cultures
immediately after preparation and sterilization. The
other half were preincubated at 378C, pH 7.2 for 7
days in cell culture medium (one specimen in 10 ml
of Dulbecco’s Modified Eagle Medium [DMEM;
Sigma, Germany]) without agitation. The culture
medium was then removed and the specimens were
used for the experiments.
Culture of L-929 fibroblasts
The murine fibroblast cell line L-929 was obtained
from the American Type Culture Collection
(ATCC, Rockville, Md., USA). L-929 cells were
cultivated in Costar 162 cm2 flasks (Cambridge,
Mass., USA) in DMEM supplemented with 10%
FCS (fetal calf serum; Seromed, Linz, Austria), 1%
glutamine, and 1% penicillin/streptomycin at 378C
in a fully humidified air atmosphere containing 5%
CO2 and were passaged by trypsinization. Fibro-
blasts (5-ml aliquots, containing 3/104 cells/ml)
were exposed to freshly prepared or preincubated
specimens in polystyrene 6-well tissue culture plates
(Costar) for 72 h at 378C/5% CO2. Cells were then
harvested with trypsin (2.5% in Ca2 and Mg2
free Hanks balanced salt solution; JRH Biosciences,
Ks., USA), centrifuged, and resuspended in 500 ml
DMEM [9,10].
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Flow cytometry
Cells were counted in a volume of 500 ml DMEM
over a fixed time of 30 s with a flow cytometer
(FACS Calibur; Becton Dickinson, San Jose´, Calif.,
USA) equipped with an argon laser tuned at
488 nm. Cell numbers after exposure to test speci-
mens were compared to controls (cultures with
glass specimens). Cell density has been checked
visually with an inverted microscope (Diaphot 300;
Nikon Instruments Europe B.V., Badhoevedorp,
The Netherlands).
Statistics
An analysis of variance was evaluated to explain the
effects of materials and aging on cell numbers. In
this model, materials and aging time (fresh and 7
days) were included as fixed factors. The interaction
material with aging was also considered in the
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Figure 1. Grouping of materials with no different effects: (a)
freshly prepared, (b) 7-day preincubated. Specimens were in-
cubated with L-929 fibroblasts for 72 h and cell numbers
determined by flow cytometry. Cell numbers were expressed as
a percentage of controls (cultures with glass specimens). Vertical
bars show ls-means9/standard deviations of 18 observations (/6
independent experiments with triplicates); materials covered with
the same horizontal bar are not significantly different from each
other. Stars indicate statistical significant difference to control
(100%): *pB/0.05, **pB/0.01, ***pB/0.005. (Because of multi-
ple testing, a p -valueB/0.005 was considered to indicate statistical
significance for this special question).
Figure 2. Effects of DoxaDent and Filtek Supreme on L-929
fibroblasts in culture. (A) DoxaDent, fresh, (B) DoxaDent, 7-days
preincubated specimen, (C) Filtek Supreme, fresh, (D) Filtek
Supreme, 7-days preincubated specimen. Cells were incubated
with specimens as described in the Materials and Methods section
(bar/50 mm).
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model. For pooling the six materials tested, the
approach developed by Ryan [18,19], Einot &
Gabriel [20], and Welsch [21] was used both over
aging and at each point of aging. The dependent
variable was cell numbers in percent (/cell num-
bers/cell numbers of control [cultures with glass
specimens]). The data of the positive control were
not used in statistical analyses. A two-sided p-value
B/0.05 was considered to indicate statistical signifi-
cance.
At each point of aging (0d, 7d), means were tested
if they were significantly different from control
(100%). For this special question, a p-value
B/0.005 was considered to account for multiple
testing and control the probability to perform at
least one type I error. All calculations were per-
formed with SAS # Release 8.2.
Results
The effects of the materials on L-929 fibroblasts
varied significantly (pB/0.0001). Cytotoxicity of all
materials diminished after 7 days of preincubation
(pB/0.0001). Materials showed different reductions
of cytotoxicity after 7 days of preincubation (inter-
action material with time: pB/0.0001). The validity
of the trial was checked by a positive control which
reduced cell numbers to 18.7 (9/9.8%) of the
negative control (glass specimens), as expected
from previous experiments.
The results in Figure 1 demonstrate that all freshly
prepared materials show reduced cell numbers
compared to the negative control. A rank order of
significantly different cytotoxic effects was estab-
lished for fresh and 7 days’ preincubated specimens
(Figure 1a, b). Fresh specimens of DoxaDent
exhibited least cytotoxicity, followed by QuiXfil
and a group of three materials (Tetric Ceram, Filtek
Supreme, Harvard Cement). Ketac Molar showed
the highest cytotoxicity. After 7 days of preincuba-
tion, Harvard Cement and Filtek Supreme showed
significantly more cytotoxicity than the other mate-
rials tested.
In cultures containing Filtek Supreme, an area of
reduced cell density is seen in the near vicinity of
specimens. This is shown for fresh and 7 days’
preincubated specimens in Figure 2A, B, whereas
this effect is more pronounced for fresh specimens.
Fresh and 7-days’ preincubated specimens of Doxa-
Dent demonstrate full cell densities around the
materials (Figure 2C, D).
Discussion
The biocompatibility of restorative materials has
been assessed by in vitro and in vivo studies [9,22/
27]. Cell culture systems provide a controllable and
reproducible method to initially assess the cytotoxi-
city of a restorative [9,28]. These in vitro studies are
relatively easy to implement and provide information
about the mechanism of cellular toxicity, but the in
vivo importance is difficult to predict [11]. In the
current study, L-929 fibroblasts were used with a
standardized test system. Many in vitro studies
assessing the cytotoxicity of dental materials have
utilized fibroblast cell lines, because these represent
a common cell type in pulp and gingival tissues, and
also because of their reproducible growth rates [6,9/
11,28/30]. Owing to specimen size and correspond-
ing culture volumes (6-well plates), cell counting is
more accurate than other proliferation assays (e.g.
3H-thymidine incorporation designed for 96-well
plates) and flow cytometric analysis is quicker and
more precise than counting in a hemocytometer
[31]. Although it has been shown that different
cytotoxicity test methods can produce different
results for the same materials [9,31], the method
applied in this study (cell counting with a flow
cytometer) is well established for cytotoxicity testing
of dental materials [9,10].
It has been shown that low cell numbers corre-
spond to reduced cell densities in the vicinity of
specimens [9]. This was confirmed in the present
study (Figure 2).
In vitro studies have shown that the cellular
toxicity of dental materials was related to leachables
containing residual monomers and components such
as degradation products or not reacted initiators,
activators, and/or stabilizers [22,23,30].
We have no information about the biological risks
of the calcium aluminate cement. The cytotoxic
response may not be congruous with those of
traditional posterior dental restoratives like resin
composites and glass ionomer cements. These ma-
terials contain initially unbound components. In a
clinical situation, these may be released through the
dental tubules into the pulp or through the surface of
the restoration into the oral cavity. The calcium
aluminate cement consists of a high content of
aluminate hydrates with unknown stability and cell
response in contrast to the monomers, initiators, and
stabilizers of resin composites. The fresh specimens
of DoxaDent showed less cytotoxicity than speci-
mens of the other restorative materials, but com-
pared to the glass control there is still a reduction of
cell growth. This might be due to a leakage of
substances [32]. Although DoxaDent is slightly
cytotoxic, it may be biocompatible in the dentin-
pulp system, since substances released from the
cement, i.e. calcium oxide and alumina together
with ZrO2, TiO2, SiO2, etc., are probably precipi-
tated in the dentinal tubules with dentin fluid and
may act as a ‘‘wound bandage’’ for pulp tissues. The
DoxaDent specimens were made in different molds
because of the difficulty obtaining acceptable speci-
mens in the ordinary molds used for the other
materials. In a recent study, we observed that the
cytotoxicity of specimens with shapes as used in the
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present study (5/2 vs 4/4 mm) were similar
(unpublished observations).
The other two dental cements investigated, glass
ionomer cement and zinc phosphate cement,
showed significantly higher toxicity than DoxaDent.
Several studies have demonstrated the cytotoxicity
of glass ionomer cements [33,34]. Doherty [35]
found that the toxic agent was possibly fluoride,
which was effectively removed by an extraction
method, and thereafter the glass ionomer cement
was cytocompatible. Hanks et al. [28] showed that
immediate-set glass ionomer cements are cytotoxic,
whereas long-set (7 days) glass ionomers are not,
which concurs with our results. Similar results have
been obtained by others [33,34,36]. Extracts from
the powder components of chemically cured glass
ionomer cements were severely cytotoxic using
MTT and NR assay. Fuji II powder contains
polyacrylic acid, which has been shown to be
seriously cytotoxic [37].
Zinc phosphate cement was included in this study
because it is one of the most used dental cements,
with a similar flexural strength as calcium aluminate
cement [38]. It is traditionally applied as luting
material or temporary restorative. It has been shown
that the cytotoxicity of phosphate cements is attrib-
uted to the release of zinc ions, the acidity of the
materials and the release of other chemical sub-
stances [28,39/41].
The hardening reaction of zinc phosphate cements
and glass ionomer cements is like that of the calcium
aluminate cement, based on an acid-base reaction;
the cements therefore bear more similarities with
each other than with resin composite materials. De
Souza Costa et al. [23] suggested that the early
cytotoxic effects of dental materials could be pro-
vided by the acidity of the materials. The calcium
aluminate cement shows a high pH during setting,
while the other cements are acidic immediately after
mixing, approaching neutral pH after 24 h [42,43].
We therefore measured the pH changes in DMEM
with freshly prepared specimens of DoxaDent,
QuiXfil, Ketac Molar and Harvard Cement. Inde-
pendently of the dental material chosen, the pH was
stable with only minor variation (unpublished ob-
servations). The buffering system in DMEM seems
to be efficient and therefore the effect of the pH
changes on the fibroblasts in the present study is
limited.
The cytotoxic potential of various other dental
resin composites and compomers was recently de-
monstrated with the same standardized cell culture
system. The results of these studies are in line with
the initial cytotoxicity found in the present study
[9,10,30]. In this study, the composites were more
cytotoxic than DoxaDent (QuiXfil 77% [mean of
cell numbers as percentage of control], Tetric Ceram
64%, Filtek Supreme 65%, DoxaDent 87%). In
previous similar investigations, resin composites with
less toxicity have also been found [10]. Tetric Ceram
was chosen as an established composite (‘‘gold
standard’’) along with two relatively new resin
composites. QuiXfil is a material which can be cured
more quickly because of its high translucency, and
the low cytotoxicity can be due to a higher conver-
sion rate. Filtek Supreme is a composite based on
nanofiller technology containing the same mono-
mers as most of the commonly used resin compo-
sites.
The initial cytotoxic effects of all materials in-
vestigated diminished after 7 days of preincubation.
Filtek Supreme and Harvard Cement were clearly
more cytotoxic than the other materials.
The high initial effect could be due to the fact that
the leakage of substances from the materials occurs
mainly during the first days [44,45]. The trend
toward decreasing cytotoxicity by time of resin
composites, as found in the present study, is
confirmed in earlier investigations [9,10,30]. In
contrast to the cell culture tests, where non-aged
materials were studied, no differences in gingival
crevicular fluid cytokine levels of IL-1 were observed
in contiguous aged Class V restorations of calcium
aluminate cement, and resin composite and enamel.
In general, the concentrations of cytokines were low
[46].
The issue of biocompatibility of a dental restora-
tive has to be considered on different levels. The
guidelines for posterior restoratives of the American
Dental Association and American National Standard
Institute (ADA/ANSI) recommend biocompatibility
testing of dental materials in order to obtain full
clinical acceptance [47]. ‘‘Initial’’, ‘‘secondary’’, and
‘‘usage’’ tests are included. As initial tests, cytotoxi-
city tests at the cellular level are mostly employed,
indicating the early cytotoxic effects of the materials.
In the usage tests, the restoratives can be evaluated
in longitudinal follow-ups in order to observe their
durability. A ‘‘biomaterial’’ was recently defined in a
working consensus conference as a non-viable ma-
terial used in a medical device, intended to interact
with biological systems. ‘‘Biocompatibility’’ of the
material is its ability to perform with an appropriate
host response in a specific situation [1]. For a dental
material this means that besides acceptable low
initial reactions, the restorative should also show
acceptable durability. The poor mechanical proper-
ties of the calcium aluminate cement material,
expressed by a low flexural strength, resulted in an
unacceptably high fracture rate of Class II restora-
tions in a 2-year follow up [16]. Despite the
favorable results of DoxaDent in cell culture and
its possible ability to act as a ‘‘wound bandage’’ for
pulp tissues, the overall biocompatibility of Doxa-
Dent is not acceptable due to its low durability.
Conversely, the positive biological properties of
DoxaDent suggest further developing this material
to overcome its low mechanical properties.
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In conclusion, the fresh DoxaDent specimens
showed the lowest toxicity in the cell culture
medium, directly followed by QuiXfil, whereas
Ketac Molar exhibited the most pronounced cyto-
toxicity. All materials showed diminishing toxicity
after the 7-day period.
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